(r = 0.477, p ! 0.01), catalase (r = -0.489, p ! 0.01) and SOD (r = -0.357, p ! 0.05). Admission superoxide levels were higher and antioxidant levels lower in peritonitis patients than controls. Levels did not significantly change following surgical intervention and post-operative levels did not correlate with outcome. Conclusion: The levels of superoxide and antioxidants correlate with the severity of illness on admission in patients with secondary peritonitis, but serial levels following surgical intervention do not predict outcome.
stand the inflammatory cascade resulting from systemic sepsis [8] .
Oxygen free radicals are generated in large amounts during sepsis and endotoxic shock [9] and are key factors in the development of MSOF [10, 11] . In both experimental models and clinical trials, increased levels of superoxides and decreased antioxidant levels are associated with a poor outcome [12] [13] [14] [15] . A recent randomized prospective clinical trial by Nathens et al. [16] and other studies [17, 18] have also suggested therapeutic benefit to the use of exogenous antioxidants in septic patients. These studies also observed a difference between the levels of oxidative stress and antioxidants in survivors and non-survivors of sepsis in intensive care unit (ICU) patients. The hypothesis of the present study was that the levels of superoxide and antioxidants may be predictive of outcome in patients undergoing surgery for secondary peritonitis.
Methods
Patients with peritonitis referred to a tertiary referral surgical service in northern India over a 6-month period were enrolled in a prospective study following fully informed consent. Approval for the study on both healthy volunteers (n = 10) and patients with peritonitis (n = 50) was gained from the local hospital ethics committee. The healthy volunteers were age-and sex-matched and randomly selected from the surgical outpatient clinic. A detailed history and physical examination was carried out on all patients. Severity of illness was determined at admission using the APACHE II score [5] . The surgical procedure involved definitive surgery for the primary pathology along with peritoneal lavage and drainage. All patients received pre-and post-operative antibiotics (ciprofloxacin and metronidazole). Complications were assessed using a strict protocol for clinical assessment, routine laboratory parameters and imaging. Clinical evaluation included daily recording of temperature, pulse, blood pressure, respiratory rate, oxygen saturation using pulse oximetry, intake-output charting, chest auscultation findings and abdominal girth measurement. Routine laboratory parameters included haematocrit, leukocytes count, CRP, blood urea, serum electrolyte, creatinine and liver function test. Blood gases were done on days 1, 3 and 5/7 following admission. Body fluid cultures were performed on clinical or haematological suspicion of sepsis and antibiotics changed on the basis of the culture results. Imaging included plain chest x-ray on the 3rd post-operative day and subsequently based on chest auscultation findings. Ultrasound and CT were performed if an intra-abdominal collection was suspected and radiological or surgical drainage performed as indicated.
Blood Sampling for Free Radicals and Antioxidants
Six millilitres of heparinised venous blood was taken on admission (day 1) and on the 3rd and 7th day. Blood was centrifuged at 1,800 rpm for 15-20 min and the plasma separated and stored at -20°C. For assay, the plasma was defrosted and then centrifuged for a further 10 min at 1,800 rpm. The supernatant was then decanted. The remaining sediment lining the base of the tube contained neutrophils. Viability of neutrophils was checked by the trypan blue exclusion test [15] .
Measurement of Superoxide (O -
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Since superoxides are unstable in plasma, the isolated neutrophils were subjected to cytochrome c reduction. Superoxide production was determined at 37 ° C after 4 a -phorbol 12-myristate 13-acetate (Sigma Chemicals, St. Louis, Mo., USA) stimulation on a UV visible spectrophotometer (Shimadzu, Japan) as a superoxide dismutase (SOD) (Sigma Chemicals)-inhibitable reduction of ferricytochrome c (Sigma Chemicals) as described previously [19] . The difference between the amounts of cytochrome c reduced at 550 nm in the presence and absence of SOD represents the amount of superoxides generated during incubation. Results were expressed as nmol of cytochrome c reduced/10 6 neutrophils, using the extinction coefficient of cytochrome c as 29.5 nm/l/ cm.
Measurement of Antioxidants
Superoxide Dismutase Assay (Sigma Chemicals) SOD activity was measured in plasma by the method of Kono [20] . This is based on the inhibitory effect of SOD on superoxide anions generated by the photo-oxidation of hydroxylamine chloride and is indicated by reduction of nitroblue tetrazolium dye. The amount of SOD required to inhibit the rate of reduction of nitroblue tetrazolium by 50% was defined as 1 unit of activity. SOD activity was expressed as units of SOD/mg protein (protein concentration was determined by the method of Lowry et al. [21] ).
Catalase Assay (Sigma Chemicals) The enzyme catalase was assayed in plasma using the method of Luck [22] . This method is based on the decomposition of hydrogen peroxide by catalase which was measured by recording the time (in s) required for a 0.05 decrease in optical density at 240 nm.
Glutathione Peroxidase Assay (Sigma Chemicals) The activity of glutathione peroxidase (GSH-Px) was estimated in serum according to the method of Paglia and Valentine [23] . The assay is based on the oxidation of glutathione (GSH) to oxidized glutathione (GSSG) catalyzed by GSH-Px. This is coupled with recycling of GSSG back to GSH by glutathione reductase and nicotine adenosine dinucleotide phosphate (NADPH). The decrease in absorbance due to NADPH oxidation is measured at 340 nm. GSH-Px activity was calculated using an extinction coefficient of 6.22 3 ! 10 M -1 cm -1 for NADPH. The result was expressed as nmol NADPH oxidized/min/mg protein (protein concentration was determined by the method of Lowry et al. [21] ).
Statistical Analysis
The mean 8 SD values for levels of superoxide and antioxidants were compared between survivors and non-survivors, survivors with and without complications and controls using one way ANOVA test. The mean values on day 1, day 3 and day 5/7 among survivors, non-survivors and controls were compared using paired t test. Correlation between APACHE II, superoxide and antioxidant levels was determined using Spearman's correlation test.
Results
Fifty patients with peritonitis were studied prospectively (age 13-85 years, mean 40 8 10 years, 8 were females (16%)). Five of the 50 patients were considered unfit for surgery following admission and resuscitation. This group of patients on whom the aetiology of the peritonitis was not established succumbed to their illness within 5-7 days and was excluded from further analysis. Forty-five patients underwent exploratory laparotomy, following resuscitation, within 24 h of admission.
Surgery Findings and Treatment
Duodenal ulcer perforation was the commonest cause of peritonitis (70%) and primary closure of the duodenal perforation with an omental patch the commonest operation (67%). Other aetiologies of secondary peritonitis included perforation of the terminal ileum (6%), jejunum (6%), appendix (4%), stomach (2%) and sigmoid colon (2%). Operations for these aetiologies ranged from appendicectomy to bowel resection and anastomosis. Treatment in addition to the surgical procedure included fluid resuscitation, antibiotics guided by culture results, ICU support for ventilation and parenteral nutrition.
Outcome Post-operative complications as defined by Copeland et al. [24] were observed in 26 of the 45 patients. These complications were divided into major complications (44.2%) (requiring ICU or radiological or surgical interventions) and minor complications (56%) (requiring only pharmacological treatment) ( table 1 ). Respiratory failure was the commonest non-septic complication (12.8%), while bronchopneumonia was the commonest septic complication (14%). Of the 45 patients undergoing surgery, 9 died and 36 survived. Of the 36 survivors, 19 had no complications while 17 had complications. None of these patients required either a planned or unscheduled re-laparotomy for treatment of an intra-abdominal collection or anastomotic leak. The causes of death included septicaemia (n = 4), bronchopneumonia (n = 6), respiratory failure (n = 7), cardiac failure (n = 3) and renal failure (n = 3). The overall mortality was 28% (20% of those undergoing surgery) and morbidity was 47%.
APACHE II Score and Outcome APACHE II scores at admission in the 45 patients who underwent surgery ranged from 0 to 29 against a possible range of 0 to 71 (mean 11 8 7). The mean score at admission among non-survivors (19 8 7) was significantly higher compared to the survivors 10 8 6 (p ! 0.01). APACHE II on admission was not significantly different between patients who subsequently developed (n = 17, 9 8 2) or did not develop (n = 19, 8 8 1) complications. For an APACHE II score of ^ 10, 11-20 or 1 20, the mortality rate was 8, 15 and 71%, respectively.
Superoxide Radicals
Superoxide levels were significantly higher (p ! 0.01) in patients with peritonitis than in controls (n = 10). At admission, overall mean superoxide value was 3.91 8 1.5. The mean value among non-survivors (4.66 8 1.4) was not significantly different from survivors (4.42 8 0.9). Both were significantly higher than controls (1.4 8 0.5) (p ! 0.01) ( fig. 1 a) . The mean value in those developing complications (4.57 8 0.90) was not significantly different to those who did not develop complications (4.29 8 0.96) but both were significantly higher than controls (p ! 0.01). Superoxide levels fell significantly following surgery (day 1 vs. 5/7, p ! 0.05) ( fig. 1 b) . Total number of patients = 45; patients with major complications = 26 (57%); patients with minor complications = 14 (31%). DVT = Deep vein thrombosis; PUO = pyrexia of unknown origin; UTI = urinary tract infection. 1 Major complications (grade III & IV) [42] defined as those requiring radiological or surgical or ICU intervention despite drug treatment. 2 Minor complications (grade I & II) [42] defined as those requiring drug or intravenous therapy or minimal surgical intervention, e.g. removing surgical clip/stitch for wound infection.
Note: Some patients had multiple as well as both major and minor complications, hence more complications than patients.
Antioxidants
Catalase. On admission, catalase levels were lower in the patients with peritonitis (survivors and non-survivors) than controls (p ! 0.01). Catalase levels were similar between survivors and non-survivors on admission and following surgical intervention ( fig. 2 a) . The mean value of catalase was not significantly different between survivors developing (1.98 8 1.5) or not developing complications (2.09 8 2.7). Both were significantly lower than controls (p ! 0.01) ( fig. 2 b) .
GSH-Px. No significant differences in GSH-Px values were found between the groups ( fig. 3 a, b) .
SOD. SOD levels on admission in patients with peritonitis (0.24 8 0.16) were lower than controls (0.49 8 0.06) (p ! 0.01) ( fig. 4 a) . No significant differences were found between survivors and non-survivors and patients with or without complications ( fig. 4 b) .
APACHE II, Superoxides and Antioxidants. A significant correlation was found between the APACHE II score and levels of superoxide radicals (r = 0.477, p ! 0.01), catalase (r = -0.489, p ! 0.01) and SOD (r = -0.357, p ! 0.05).
Discussion
Peritonitis is a common surgical emergency with a high morbidity and mortality even within specialist centres [2, 3] . Duodenal ulcer perforation was the commonest cause in this study and is the commonest cause of secondary peritonitis in India [25, 26] . The morbidity and mortality associated with duodenal ulcer perforation is decreasing in developed countries due to widespread use of proton pump inhibitors and Helicobacter eradication therapy [27] . However, the incidence remains high in India and other developing countries where costs may limit such therapy [26] . The mortality of 20% in this series is similar to other series from India (6-26%) [26] and some reports from Europe (11-29%) [1, 28] . The main cause of morbidity and mortality among patients with peritonitis is MSOF and septic shock. Early laparotomy and planned re-laparotomy for septic complications can improve survival [1] [2] [3] .
The APACHE II score is a validated prognostic indicator in acutely ill patients in the ICU [5] . In this study, APACHE II correlated well with mortality, a finding previously reported in patients with acute peritonitis [29] . The mortality observed in patients with a low APACHE II score ( ^ 10) was due to cardiac events. Events in the low-risk category are unexpected and an underlying cause should be anticipated [29, 30] . The correlation between APACHE II score and superoxide radicals and antioxidants (catalase and SOD) has not previously been reported in intra-abdominal sepsis and would suggest an oxidant and antioxidant imbalance related to the severity of illness [31, 32] .
In keeping with the findings of the present study, patients with peritonitis have previously been shown to have increased levels of oxidative stress compared with healthy controls [11] . Following surgery, superoxide lev- els decreased but levels did not correlate with the subsequent outcome. This may relate to the development of secondary complications such as respiratory or renal failure as part of the systemic inflammatory response syndrome. Surgical trauma could be another factor responsible for elevated superoxides. Laparotomy and bowel handling alters neutrophil function with production of proinflammatory mediators including TNF-␣ and reactive oxygen species [33] .
Levels of the antioxidants SOD and catalase were found to be significantly reduced in patients with peritonitis in keeping with previous reports [34] . However, GSH-Px levels did not differ from healthy controls in the present study but were reduced in previous studies on septic patients [18, 35, 36] . This difference may be related to the adequacy of replenishing micronutrients such as selenium in parentral nutrition. In patients with severe infection there is an early and marked decrease in plasma selenium due to increased metabolic use and the concentration of GSH-Px is dependent on selenium levels [18, 37, 38] .
The present study contrasts with the findings of Cowley et al. [34] who found antioxidant levels to be higher in survivors than non-survivors of severe sepsis at 5-7 days following ICU admission. This may reflect differences in the patient cohort as none of the patients in the study by Cowley et al. had surgical intervention for sepsis. Antioxidant levels return to baseline within 12 h of elective surgery [34] , but with emergency surgery for peritonitis a persistent post-operative inflammatory response would be anticipated. Patients with complications following surgery for peritonitis may have been anticipated to have reduced antioxidant levels as with the non-survivors in the study by Cowley et al. No such differences were noted possibly related to the wide range of post-operative levels. The assay used by Cowley et al. measured the plasma total antioxidant capacity, whereas the current study measured the level of different antioxidant enzymes. Total antioxidant capacity is an attractive option as a single test but it measures predominantly the low-molecular-weight chain-breaking antioxidants which may not reflect the levels of individual antioxidant enzymes [39] .
The nutritional status of a patient before and following surgery could influence the antioxidant status. Patients presenting with secondary peritonitis usually have a poor nutritional status [40] . A lack of protein leads to deficiency of zinc which is a cofactor for SOD formation [41] .
Conclusion
This study has confirmed that in patients with generalized peritonitis the APACHE II score is helpful in predicting outcome. Oxidative stress is elevated, while the antioxidants catalase and SOD are reduced in intra-abdominal sepsis. Levels are not affected by laparotomy for secondary peritonitis and do not correlate with outcome.
